A theory of electrocardiography based on a fixed-location, eccentric-dipole representation of ventricular depolarization and a homogeneous, resistive, linear medium in the shape of the human torso yields quantitative predictions of instantaneous amplitude and shape of QRS body surface potentials on one normal human subject to an accuracy of approximately ±15 per cent for electrodes dispersed over the entire torso.
ALTHOUGH
ELECTROCARDIO-GRAPHIC THEORY has been in a formative state since the time of Einthoven, progress has been slow for a variety of reasons. First, the complexity of the electrical system comprised of heart and body and its variability from one human to another have tended to obscure basic characteristics common to all subjects. Second, attention has too often been concentrated, and understandably so, on diseased hearts rather than probing into basic aspects of normal cases. Third, ability to recognize heart disorders, based on purely empiric electrocardiographic observations, which has indeed been fortunate, has at the same time exerted a negative influence on development of an accurate theory. Fourth, background and training of research electrocardiographers has often been inadequate in mathematics, physics, electrical theory and measurement which are fields of extreme relevance to electrocardiography. The result has been, in many instances, noncontributing research effort, acceptance of erroneous concepts and formation of opposing schools of thought.
These formidable difficulties are gradually being overcome by an increasing number of research teams with members trained in complementary disciplines seeking an accurate quantitative theory. As in all science, establishment of such a theory gives insight into complexities, provides a basis for penetrating research and leads to growth of knowledge outstripping by far that which could take place solely on an empiric basis. For the theory of electrocardiography proposed here, quantitative experimental methods and resulting data provide a basis for ascertaining its validity. This theory is shown to predict results of extensive measurements of the QRS complex on one normal male subject to an accuracy of approximately d 15 per cent. It is the first complete three-dimensional theory of electrocardiography which weds precordial and limb potentials in a unified manner, which has been tested in an exacting and comprehensive manner, and which displays an accuracy comparable to experimental errors inherent in measurements of the human system. It is presented as a foundation upon which to continue quantitative developments in this field.
THE THEORY
The complete unified theory for the normal QRS complex is based on the following assumptions: (1) It is assumed that ventricular depolarization may be represented at each instant of time by an equivalent dipole whose strength and orientation are variable with the individual but whose location is fixed at a single (but generally different) anatomic point for each individual. (2) It is assumed that the medium in which heart currents are produced is homogeneous, resistive and linear for all individuals, but has boundaries the same as the individual subject. These assumptions specify completely an electrical system in which a unique and determinable relationship exists between poten-FRANK, KAY, SEIDEN ANI) KEISMAN4 tials on the boundary surface and the internal dipole. A discussion of the experimental and theoretical bases for each of the above assumptions follows.
Ventricular depolarization. Despite substantial and continuing effort, the mechanism, sequence and factors influencing ventricular depolarization are not completely understood. This does not present a barrier to analysis of body surface potentials because it is fundamentally impossible to obtain information concerning the detailed activity of the internal heart generator exclusively from body surface measurements anyway.1 Therefore, it is feasible to define an equivalent generator which produces body surface potentials quantitatively similar to those produced by the actual ventricles. The simplest choice of equivalent generator is a single fixed-location dipole. Several important aspects of the equivalent dipole concept should be emphasized. The heart dipole is a conceptual entity and does not exist in the actual system. While it can be derived, in principle, from the detailed generator, it is extremely difficult to do so practically because of the complexity of the generator and limited knowledge of its detailed operation. (Presently used ideas of simple vector addition for the multitude of dipoles believed to be distributed through the ventricles are unsound.) However, it is relatively easy to determine this hypothetical source from body surface measurements. In principle it is not always possible to obtain a fixed-location dipole which produces precisely the same boundary potentials as any arbitrary set of time varying internal generators.1
The degree to which the equivalent representation of the heart as a fixed-location dipole may be applied to Conducting medium. The assumption of homogeneity is based upon a variety of experimental works. Impedance measurements in living dogs reveal that the resistivity of various body constituents (lung, muscle, liver, kidney, heart muscle) is surprisingly uniform, approximately 1000 i 200 ohm-cm. at heart frequencies.5 Kaufman and Johnston6 obtained quantitatively different results which were disturbed by electrode polarization. Model studies of the relation between surface potentials and immersed dipoles have shown that the introduction of inhomogeneities exerts a small influence. Gabor and Nelson' found that lung resistivity equal to four times that of the rest of the medium produced effects comparable to their small experimental error, and that insulating ribs and spine, remote from the current source, have minor influence. Surface potentials obtained with homogeneous torso models in this laboratory7 agree quantitatively, within approximately ± 10 per cent or less, with those of Burger and van Millaan8 for an inhomogeneous torso model. Also, in twodimensional studies similar insensitivity to inhomogeneities is found. Finally, surface potentials produced by inserted current sources'0 and reciprocally energized humans" indicate homogeneous behavior of the conducting medium.
The assumption of a resistive medium also has experimental support. Impedance measurements of various body substances reveals only a small reactive component at heart frequencies'. Phase 3 consisted of recording a series of specially selected bipolar leads faith equipment of broader band width (400 cycles per second), higher amplification and faster paper speed than ordinarily used. The equipment consisted of a differential preamplifier possessing excellent common-mode rejection characteristics feeding a high-gain amplifier which drove a Hathaway mirror-galvanometer recorder. Since the dipole location in the homogeneous torso model had beei established in phase 2 for the subject under test, numerous bipolar leads at a wide variety of sites on the torso model could be specified which would bear a known proportionality to only one component of the dipole. In other words, the torso image surface was known from which "pure" bipolar leads could be selected for measurement of the separate dipole components, in a manner previously described."6 Six pairs of model points for each dipole component were selected arbitrarily and records of bipolar leads at corresponding anatomic points of the human subject were made. These 18 measurements are included among the total cases given later.
Phase 4 consisted of additional high-gains, high-speed records. Bipolar leads consisted of "pure" dipole component leads, several leads of commonly used systems of vectorcardiography, and random bipolar leads. Unipolar leads were recorded with respect to a tworesistor terminal specially designed for the subject which was within ±0.2 my. of the electrical center of ventricular depolarization. Unipolar measurements covered the entire torso, extending from about 2 inches below the neckline to about 2 inches below the belt line (see fig. 1 caption). A total of 190 bipolar and unipolar leads were recorded and analyzed. A typical two-channel record is given in figure 2 . In all cases lead II was recorded and the peak of its R wave was taken as zero time for the purpose of synchronizing all records.
IRESULTS AND ANALYSIS
The results of extensive cancellation experiments in phase 1 in which 38 independent, cancellations on the same subject were obtained for anatomic points dispersed widely over the entire torso including in many cases one, and sometimes two, precordial electrodes, have been presented in detail.' Directly measured and highly amplified maximum instantaneous potential differences between two QRS complex mirror patterns was typically 0.05 to 0.1 myr. of this normal subject, and no correlation was found with anatomic location of the electrodes.
The results of cancellation experiments around the chest at the transverse level of the ventricles in phase 2 for the purpose of determining the electrical location of the dipole associated with ventricular depolarization have also been presented.15 The dipole location for "normal" respiration was determined within an estimated error of +0.5 cm. anatomically.
The location for the subject tested was midway between levels 5 and 6 (see fig. 1 The method of analysing records in phases 3 and 4 may be explained with the help of figure 2. First, the peak of the R wave in lead II was used to establish a common point in time for all records. Next, the 0.04 second intervals between the timing lines were subdivided into 8 equal intervals of 5 milliseconds each. A baseline was drawn through the start and end of the QRS complex, as indicated, and graphical measurement of the amplitude of the QRS complex with respect to this baseline was made at each 5 millisecond interval. The data were converted to millivolts by measuring the ratio of the 1 mv. standardizing pulse amplitude to the peak-to-peak amplitude of the recorded QRS complex.
Final results of the QRS dipole determinations are presented in figure 3 in terms of individual components and heart-vector loops. It may be seen that the duration of the QRS complex is 0.085 second for this individual and that the QRS loop lies essentially in a plane. The dipole components are given in absolute units (ma-cm.) based on the assumption of an average resistivity of 1000 ohm-cm.5 for the subject. Each component represents the instantaneous average of six independent determinations which were remarkably selfconsistent, and their relative amplitudes are estimated to be accurate to + 10 per cent. The dipole components differ substantially in shape, amplitude and relative timing from deductions made from all systems of vectorcardiography presently in use. The consistency of these results with those predicted from the homogeneous torso model are included in the 190 cases given later.
A total of 190 records were made in phases 3 and 4; 58 bipolar leads and 132 true unipolar leads. The measured peak-to-peak amplitudes of the QRS complexes in these records ranged from 0.3 mv. to 5.2 mv., distributed as shown in figure 4. The average measured amplitude was 1.57 mv., peak-to-peak.
Calculated instantaneous QRS complexes for each of the 190 cases were obtained using coefficients determined experimentally in a homogeneous torso model of the subject containing a dipole in the location determined in phase 2. Equations were used in the form V = CzPx + cypy + c,,p in which c., c, and c, are torso model coefficients' 14 which pertain to the particular electrodes in question and p., p, and p. are given in figure 3 and table 1 which shows a typical calculation. Since the absolute value of the equivalent dipole of the human subject was not known, an overall multiplying factor was determined and applied uniformly to all torso model coefficients such that the average peak-to-peak amplitude of the 190 calculated waveforms was equal to 1.57 mv. volts, the same as that of the measured waveforms. Agreement between individual calculated and measured waveforms was usually quite close and means that the calculated amplitude distribution was very similar to that given in figure 4.
Quantitative comparison of measured and calculated QRS waveforms was made by means of two quantities: per cent amplitude deviation and per cent maximum shape deviation. The per cent amplitude deviation was defined as the difference between calculated and measured peak-to-peak amplitudes expressed as a per cent of the average of the calculated and measured peak-to-peak amplitudes (it can have a maximum possible value of 200 per cent between measured and calculated QRS waveforms is more difficult to express in quantitative terms. Two independent methods were used; one based on a quantitative definition of per cent maximum shape deviation, the other on subjective evaluation of records such as shown in figure 6 . Per cent maximum shape deviation is defined in terms of measured and calculated waveforms which are normalized to have exactly the same peakto-peak amplitude. It is given by the magnitude of the maximum instantaneous difference between the normalized waveforms expressed as a per cent of the peak-to-peak amplitude (it can have a maximum possible value of 200 per cent). The distribution of maximum shape deviation is given in figure 7 . It may be seen that 86 cases (45 per cent) showed maximum shape deviation of 10 per cent or less while 155 cases (82 per cent) showed maximum shape deviations of 20 per cent or less. The average deviation is 14 per cent. Subjective evaluation of the records showed rather consistent agreement with this numerical definition as indicated in figure 7 . Of the seven possible ratings, from "very good" to "very poor", based on visual examination of superimposed, normalized measured and calculated waveforms as shown in figure 6 , the correlation with maxi- figure 8 , with the results of this study reveal many significant quantitative differences. Some of these include:
(1) The shape of lead I differs markedly from Px. The ratio of the R to S amplitude is 0.7 for lead I, but 3.6 for px. Moreover, lead I crosses the baseline between R and S at a time 15 milliseconds earlier than does p,. ( 2) The ratio of R to Q amplitude is 2.2 for VB, but 3.9 for Pz. Also, VB crosses the baseline between Q and R at a time 5 milliseconds later than does pz. (3) While p, displays a small S wave, this is completely absent in aVF. (4) Relative peakto-peak amplitudes of dipole components deduced in this comprehensive study are 1.0: 1.5:2.4 for px, p, and pz, respectively, while those deduced from standard electrocardiograph records are 1.0: 2.5 :0.8 for corresponding components. (5) Since the Wilson centralterminal potential was 0.8 mv., peak-to-peak, for this subject, amplitude and shape of aV leads differ markedly from true unipolar limb leads. The worse case is VR which has an amplitude of 0.4 mv. (aVR divided by 1.5) while the true unipolar right arm potential has an amplitude of 1.0 mv. and an entirely different shape. These examples serve to illustrate substantial deviations between results derived from current practices and those based on an accurate, quantitative theory.
Basic implications of this theory should be clearly recognized. The theoretical system may be described completely by coefficients associated with each boundary electrode7' 8 and may be interpreted geometrically in terms of an image surface.8 16 The coefficients and associated image surface depend upon dipole location and torso shape. They are extremely sensitive to dipole location within the chest.'4 18 Another basic implication is that there are only three independent data concerning heart generator activity that are obtainable from body surface measurements; the three components of the time-varying dipole. This means that after three independent potential differences are measured, additional leads give only redundant information, in principle. This also implies, as stated previously, that information concerning details of ventricular depolarization is fundamentally inaccessible' from body surface measurements in normal subjects and can only be deduced by using additional hypotheses and experimental information not available at the body surface. In addition, this theory implies that "proximity" potentials do not exist at the body surface in normals; all body surface potentials are derivable from an internal dipole and anatomic proximity to the ventricles is of no fundamental consequence. Finally, use of an indifferent junction which has a potential equal to the dipole midpotential is completely unnecessary; all available information from body surface measurements can be obtained with bipolar leads.
There are many secondary implications of this theory which reveal quantitative errors of current electrocardiographic practices. To illustrate, the Wilson central terminal is seen to depart substantially from the dipole midpotential in this theory. 7' 14, 19 Methods of mean spatial vectorcardiography20 and vectorcardiography"' 19 are subject to considerable error in both principle and practice, which interferes with their objective of determining the heart dipole. Recognition of limitations of currently used concepts and practices should spur progress in electrocardiography by giving a meaningful direction to future research which should ultimately lead to more refined clinical methods.
Since dipole potentials produced in homogeneous torso models are closely related to QRS potentials on a normal subject, three dimensional models become a powerful experimental tool for investigating important factors which influence the QRS complex. Extensive studies7' 14, 16, 17, 18, 19 of such models reveal that the most important single factor in the system is the location of the dipole; so important that if it is not taken into account large errors are inescapable and that if it is taken into account it is probable that other factors such as torso shape and body inhomogeneities would not have to be considered, at least at the outset. It is felt that electrocardiographic practice in which dipole location alone is properly taken into account18 would represent a major step in improving the accuracy of the determination of the heart dipole from body surface measurements.
Many conflicting (as well as supporting) ideas in connection with the concepts and results presented here may be found in the literature. It is perhaps worthwhile to emphasize that the subject tested was selected by chance and the experiments reported here were conducted with high scientific standards. A careful study of the methods and procedures used reveals many different and unrelated steps at which relatively small errors would have impaired substantially the agreement between theory and measurement. For example, changing the dipole location in the model by only 1 cm. would have approximately doubled the errors in the correlation. Therefore, the correlation obtained cannot be fortuitous, and there is evidence that results on other normal subjects fall within similar quantitative limits of prediction. Moreover, it is known from this study that many factors shown to be of critical importance have been ignored in many other studies, and undoubtedly accounts for some of the conflicting results.
Since flaws in many works may be found in retrospect, it is not unrealistic to expect modern theories to be subject to change in the future. The theory presented here is the simplest which takes all major effects into account in the case of one subject. Because experimental support for the theory presented here is based on only a single normal subject, future modifications may result from investigations of a wide variety of individuals. Moreover, the application of this theory to abnormal subjects has not been investigated comprehensively. Because it has been a general characteristic in science that more refined theories inevitably lead to a sharper focus on the phenomena and a better understanding of the manner in which variables affect the system, it is likely that application of theories of the kind presented will eventually produce this desirable result. SUMMARY 1. A theory of electrocardiography based on a fixed-location eccentric dipole representation of ventricular depolarization and a homogeneous, resistive linear medium in the shape of the human torso is presented with supporting evidence for the assumptions. Implications of the theory are discussed.
2. A critical experiment is described which tests this theory by quantitative comparison of the instantaneous amplitude and shape of face potentials, over the entire torso of a single normal male subject, with dipole potentials produced in a homogeneous torso model of the same subject. Two-thirds of the results lie within the experimental error of ±15 per cent.
3. It is concluded that dipole potentials in homogeneous three-dimensional torso models are quantitatively related with good accuracy to the QRS complex in normals, and that this represents a theoretical basis for electrocardiography substantially superior to those presently used. 
